Angiotensin-I converting enzyme 2 (ACE2) is the receptor for severe acute respiratory syndrome (SARS) coronavirus (SARS-CoV). A previous study indicated that ACE2 from a horseshoe bat, the host of a highly related SARS-like coronavirus, could not function as a receptor for SARS-CoV. Here, we demonstrate that a 3 aa change from SHE (aa 40-42) to FYQ was sufficient to convert the bat ACE2 into a fully functional receptor for SARS-CoV. We further demonstrate that an ACE2 molecule from a fruit bat, which contains the FYQ motif, was able to support SARS-CoV infection, indicating a potentially much wider host range for SARS-CoV-related viruses among different bat populations.
Severe acute respiratory syndrome (SARS) represents one of the most severe epidemic infections of the 21st century, exacerbated by the fact that the causative agent was totally unknown at the time of the outbreaks (Peiris, 2003; Peiris et al., 2004) . Since the discovery of the SARS coronavirus (SARS-CoV) as the aetiological agent of the disease (Drosten et al., 2003; Ksiazek et al., 2003; Peiris et al., 2003) , there has been tremendous progress made in almost every aspect of SARS-related research. One of the more significant achievements was the identification of the angiotensin-I converting enzyme 2 (ACE2) as the cellular receptor for SARS-CoV . This discovery opened up new opportunities in the search for novel antiviral drugs as part of the overall countermeasure strategy to aid in the control of any future outbreaks (Han et al., 2006; Kuhn et al., 2007) .
In comparison, the progress in elucidating the origin of SARS-CoV was relatively slow and less straightforward. Although it was recognized very early during the outbreaks that SARS-CoV was most probably a virus of animal origin and that the virus entered the human population as a result of a spillover event(s), the exact reservoir species of the SARS-CoV and the path of the spillover event remain unknown Normile & Enserink, 2003; Wang & Eaton, 2007; Wang et al., 2006) . However, it is well established that Himalayan palm civets (Paguma larvata) played a key role as an intermediate adapting/ amplifying host for the introduction of SARS-CoV into the human population Wang et al., 2006) .
The search for the origin of SARS-CoV was boosted when genetically similar SARS-like coronaviruses (SL-CoVs) were discovered in horseshoe bats in the genus Rhinolophus by two independent groups in Hong Kong and mainland China (Lau et al., 2005; Li et al., 2005b) . SL-CoVs and SARS-CoVs share identical genome organization and very high sequence identities. However, a closer examination revealed that the N-terminal region of the spike protein (S), known to be responsible for receptor binding in CoVs, displayed major sequence differences between the two groups of viruses (Li et al., 2005b) . It was later shown that the S protein of the SL-CoV isolated from the horseshoe bat Rhinolophus pearsonii was unable to use the ACE2 molecule, either from human or R. pearsonii, as the entry receptor. The cellular molecule(s) that functions as the receptor for SL-CoVs is still unknown (Ren et al., 2008) . Furthermore, the ACE2 molecule from R. pearsonii also failed to function as a receptor for SARS-CoV entry (Ren et al., 2008) .
The question of whether a horseshoe bat, or any bat, can act as a natural reservoir for SARS-CoV or its progenitor virus remains unanswered. What we do know is that the interaction of the viral S protein and the host receptor molecule plays a vital role not only in host specificity, but also in tissue tropism, which in turn influences pathogenesis of SARS-CoV (Kuba et al., 2006; Sheahan et al., 2008) . We also know that the ACE2 proteins across different mammalian species are highly conserved and the susceptibility of ACE2 to SARS-CoV infection is determined by a group of key amino acid residues (Li et al., 2005a (Li et al., , 2006 . The major aim of this study was to identify the key aa residue(s) in ACE2 of R. pearsonii (RpACE2) responsible for the lack of a productive S-ACE2 interaction. We believe that this knowledge is essential for our further investigation of bats as a potential reservoir of SARS-CoV.
It was previously shown that the human ACE2 (HuACE2) and RpACE2 molecules are identical in size and share more than 80 % sequence identity (Ren et al., 2008) . Based on their sequence and structural similarity, a homologuescanning approach previously developed for mapping conformational epitopes (Wang et al., 1994) was employed in the current study to map the key region required for a productive S-ACE2 interaction. First, the complete HuACE2 and RpACE2 genes were cloned into the mammalian expression plasmid pcDNA3.1 for transient expression in HeLa cells, which were shown to be nonpermissive for SARS-CoV infection (Ren et al., 2008) . From the two starting plasmids, a series of chimeric ACE2 molecules (abbreviated as cA) were constructed as shown in Fig. 1(a) . All expression plasmids were produced in Escherichia coli cells and purified by using the Qiagen Midi Plasmid Purification kit. For transfection, 2 mg plasmid DNA was mixed with 5 ml Lipofectamine 2000 (Invitrogen) and placed onto 4610 5 cells in a six-well tissue culture plate (Nunc) in the presence of 250 ml medium. After 24 h, the transient cell surface expression of different ACE2 molecules was monitored by immunofluorescent staining as described previously (Tu et al., 2004) by using a goat anti-HuACE2 antibody (R&D Systems), followed by the fluorescein isothiocyanate-conjugated donkey anti-goat IgG (Silenus). In parallel, duplicate wells were infected with SARS-CoV as described previously (Tu et al., 2004) . Successful infection and subsequent replication of the virus in each well were demonstrated by specific staining of SARS-CoV antigens by using a chicken anti-SARS-CoV antibody . The results obtained from the homologue-scanning approach were conclusive and indicated that the key difference between the HuACE2 and RpACE2 molecules was located at the very N-terminal region, aa 1-56 ( Fig. 1a, b ).
Although all of the constructs resulted in the expression of ACE2 molecules in transfected cells as demonstrated by immunofluorescent staining with anti-ACE2 antibodies (data not shown), it was important to demonstrate that the expressed molecules were intact and functional, especially for those constructs that failed to support SARS-CoV infection. The expression of full-length ACE2 protein from each construct was confirmed by Western blot by using the same goat anti-ACE2 antibody (Fig. 2a) . From our previous studies, we have established that there was a good correlation between the protease activity of ACE2 and its structural and functional integrity (Ren et al., 2008) . The same approach was used in the current study. As shown in Fig. 2(b) , ACE2 proteins from all of the constructs displayed detectable peptidase activity with the ACE2specific peptide substrate QFS (7-methoxycoumarin-4-yl)acetyl-Ala-Pro-Lys (2,4-dinitrophenyl) (Auspep). These results confirmed that the failure of some chimeric ACE2 molecules to support SARS-CoV was not due to problems associated with expression or the structural integrity of the ACE2 molecules.
Sequence alignment of the N-terminal region (aa 1-56) of ACE2 proteins from species known to be susceptible to SARS-CoV and RpACE2 indicated the presence of multiple aa residue differences within this region (Fig. 3a) . However, if the comparison was narrowed down to the residues known to play a key role in the S-ACE2 interaction (Li et al., 2005a) , there were only two regions identified, the R residue at aa 25 (Q in HuACE2) and the SHE residues at aa 40-42 (FYQ in HuACE2). Considering different aa residues (L and N) were present at aa 25 in the civet, cat and mouse ACE2 proteins, all of which are known to support SARS-CoV infection, this location was excluded from further investigation. We focused on the difference at aa 41-42 since all functional ACE2 proteins have the YQ sequence motif, while RpACE2 has HE. A mutant RpACE2 gene was made by overlapping PCR in which the SHE motif at aa 40-42 was changed to FYQ to match the HuACE2 sequence at this position. The mutant protein (RpACE2-FYQ) was fully functional and supported SARS-CoV infection of HeLa cells transiently expressing the mutant gene (Fig. 3b ).
This finding proved that productive S-ACE2 interaction is very sensitive to subtle aa residue changes in the known S-ACE2 interface determined from the crystal structure of the S-ACE2 complex (Li et al., 2005a) . Significantly, our data indicate that a minor sequence change at a single location in the RpACE2 protein was all that was required to render it fully functional as a receptor for SARS-CoV. This was especially important as it strengthened our belief that ACE2 from certain bat species could be able to support SARS-CoV infection because of the predicted genetic diversity of bat ACE2 variants in different bat species.
A GenBank search revealed that the ACE2 molecule from the fruit bat Rousettus leschenaultii (RlACE2, GenBank accession no. AB299376) has the FYQ motif at aa 40-42 (see alignment in Fig. 3c ). Among the key S-ACE2 interacting residues in this region, R1ACE2 has two additional differences from HuACE2, L at aa 25 and T at aa 34. The full-length RlACE2 coding region was amplified from cDNA samples collected for our previous SL-CoV surveillance study (Li et al., 2005b) and cloned into the pcDNA3.1 vector as for all other ACE2 constructs. Our R1ACE2 gene (GenBank accession no. GU253336) has six aa residue differences from the GenBank AB299376 sequence. The three aa changes at the N terminus were introduced due to the use of a degenerate primer (59-GCTCTAGACG ATGTYARGCTCYTYCTGGYTCCTTC-39) for PCR amplification. As shown in Fig. 3(d) , the R1ACE2 was able to support SARS-CoV infection. This further confirms our observation that the Y residue plays a more important role in determining a productive S-ACE2 interaction than other previously identified key residues (e.g. Q at aa 25 or H at aa 34) in the N-terminal domain. Although we could not rule out the possibility that the 3 aa changes in the very N terminus introduced by the degenerate primers might play a role, it was deemed highly unlikely based on previous structural studies (Li et al., 2005a (Li et al., , 2006 and the fact that aa difference in the N terminus has been observed among ACE2 of different mammalian species, which are all functional as SARS-CoV receptors (Ren et al., 2008) .
To examine whether the mutant horseshoe bat RpACE2 or the fruit bat RlACE2 can act as a functional receptor for SL-CoVs, entry studies were carried out using a pseudovirus containing the S protein of SL-CoV Rp3 as described previously (Ren et al., 2008) . None of the ACE2 molecules included in this study was able to support the entry of Rp3S-typed pseudovirus (data not shown). This finding further supports the notion that SL-CoVs most probably use a host molecule other than ACE2 as their cellular entry receptor.
In conclusion, the current study demonstrates that a minor sequence change was sufficient to convert a nonsusceptible horseshoe bat ACE2 into a functional receptor for SARS-CoV. Considering that there are more than 60 different horseshoe species around the world (Flanders et al., 2009; Rossiter et al., 2007) , it is possible that one or some of them may serve as the natural reservoir of SARS-CoV and/or its progenitor virus(es). In addition, the fact that an ACE2 protein from a megabat, the fruit bat Rousettus leschenaultii, can function as a receptor for SARS-CoV would suggest that the host range for SARS-CoV or SL-CoVs may be much wider than originally thought. One effective approach for future field studies is to combine the screening for the susceptible receptor of the suspected host species with epidemiological investigations to eventually identify the true reservoir species for SARS-CoV.
Isolation and characterization of viruses related to the SARS coronavirus from animals in southern China. Science 302, 276-278. Fig. 3 . Identification by point mutagenesis of key aa residues responsible for a productive S-ACE2 interaction and susceptible fruit bat ACE2 for SARS-CoV entry. (a) Alignment of the first 56 aa residues of different ACE2 proteins. Identical residues to the reference sequence (human ACE2) are shown as dots with asterisks indicating crucial aa residues involved in direct contact between the huACE2 and SARS-CoV S protein. GenBank accession numbers used: civet (AY881174), cat (AB211997) and mouse (AB053181). (b) Immunofluorescent staining of SARS-CoV antigen for each construct, using positive staining as an indicator of successful SARS-CoV entry and infection. (c) Alignment of the first 56 aa residues of human and bat ACE2 proteins. Identical residues to the reference sequence (HuACE2) are shown as dots with asterisks indicating crucial aa residues involved in direct contact between the huACE2 and SARS-CoV S protein. The aa differences at the N terminus between the two Rousettus leschenaultii ACE2 sequences (J, Japanese sample; GenBank accession no. AB299376; C, Chinese sample; GU253336) are indicated by the # sign underneath. (d) Immunofluorescent staining of SARS-CoV antigen for each construct, using positive staining as an indicator of successful SARS-CoV entry and infection.
